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Expression of Smac/Diablo in tubular epithelial cells and dur-
ing acute renal failure.
Background. Apoptosis contributes to tubular cell loss in
the course of renal injury. However, the mechanisms regulating
tubular cell apoptosis are not well understood. Smac/Diablo is
a mitochondrial protein that is released to the cytosol during
apoptosis, where it blocks the antiapoptotic activity of inhibitor
of apoptosis proteins (IAPs).
Methods. We have studied the regulation of Smac/Diablo
mRNA and protein expression in murine toxic acute tubular
necrosis, and in cultured tubular epithelial cells exposed to the
lethal cytokine tumor necrosis factor (TNF).
Results. Folic acid–induced acute renal failure was associ-
ated with tubular cell apoptosis. Smac/Diablo mRNA and pro-
tein levels increased by 50% at 24 hours. TNF, a cytokine
whose renal expression increases in folic acid nephropathy,
induced apoptosis in cultured tubular epithelial cells in a time-
dependent manner. In addition, TNF increased the mRNA
and protein expression of Smac/Diablo.
Conclusion. These findings support the concept that regula-
tion of Smac/Diablo mRNA and protein expression is a mecha-
nism by which lethal stimuli amplify their lethal potential in
renal cells.
Apoptosis is an active form of cell death that contrib-
utes to tubular cell death in a variety of settings, including
toxic, ischemic, and septic acute tubular necrosis, as well
as chronic tubular atrophy [1]. The regulation of apopto-
sis is complex. There are several intracellular pathways
for apoptosis than can be triggered by different types of
stimuli. The exact molecules involved in apoptosis vary
in cell- and stimulus-specific fashions. In addition, the
same stimulus may activate several apoptosis pathways.
Two key components of different apoptotic pathways
are mitochondrial injury and caspase activation. Mito-
chondrial injury results in the release of proteins that am-
plify the intracellular proapoptotic response [2]. These
include cytochrome c and Smac (second mitochondrial
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activator of caspases)/Diablo [direct inhibitor of apopto-
sis protein (IAP) binding protein with low pI] [3, 4].
Once in the cytosol, cytochrome c forms a complex with
Apaf-1 and procaspase-9, which results in caspase-9 acti-
vation. Smac/Diablo is an IAP-binding protein that po-
tentiates caspase activation and apoptosis by relieving
IAP inhibition of caspases [3, 4]. Smac/Diablo has been
identified as a target for therapeutic intervention in apo-
ptosis modulation [5]. Recent data suggest that the ex-
pression of Smac/Diablo may be regulated by certain
proapoptotic stimuli [6]. However, the level of regulation
is unclear, and Smac/Diablo regulation has not been
previously studied in the kidney.
METHODS
Animals and cell culture
Balb/c mice were obtained from IFFA-CREDO (Bar-
celona, Spain). Studies were conducted in accord with
the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Folic acid nephropathy was
induced in 5- to 7-week-old mice by a single intraperito-
neal injection of folic acid (Sigma Chemical Co., St.
Louis, MO, USA) 250 mg/kg in 0.3 mol/L sodium bicar-
bonate [7]. Mice were killed 24 hours after injection of
either folic acid (N  7) or vehicle (0.3 mol/L sodium
bicarbonate, N  5). The kidneys were saline perfused.
One kidney from each mouse was fixed in buffered for-
malin, embedded in paraffin, and stained with hematoxy-
lin-eosin (H&E) or used for immunohistochemistry. The
other kidney was snap-frozen in liquid nitrogen for RNA
and protein studies. Blood was drawn from the heart
and serum creatinine was determined.
Proximal tubular epithelial (MCT) cells are a cultured
line of proximal tubular cells harvested originally from the
renal cortex of SJL mice [8]. The cells were maintained
in culture in RPMI1640 supplemented with 2 mmol/L
l-glutamine, penicillin 100 g/mL, and streptomycin 100
g/mL and 10% heat-inactivated fetal bovine serum,
(FBS) at 37C in 5% CO2 [7, 8].
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Fig. 1. Apoptosis and Smac/Diablo expres-
sion in folic acid-induced acute renal failure
(ARF). (A ) Diffuse tubular injury 24 hours
following induction of ARF. Inset shows apo-
ptotic cells in the tubular lumen (arrow) (he-
matoxylin & eosin). Original magnification
100; inset 500. (B ) Control kidney. (C )
Smac/Diablo mRNA expression in whole kid-
ney (Northern blot, N  5 to 7). (D ) Smac/
Diablo protein expression in whole kidney
(Western blot) (E ) Immunohistochemistry
for Smac/Diablo in folic acid nephropathy.
Smac/Diablo expression is restricted to renal
tubules (arrows) and is absent from glomeruli
(arrowheads). Original magnification 200.
Studies of cell death
MCT cells were seeded in 12-well plates and allowed
to grow to subconfluence. They were then cultured in
serum-free media in the presence or absence of 30 ng/mL
murine tumor necrosis factor  (TNF) (Immugenex,
Los Angeles, CA, USA) for 24 to 72 hours. Hypodiploid
apoptotic cells were quantified by flow cytometry of per-
meabilized propidium iodide stained cells, as previously
described [7]. For morphologic assessment of apoptosis,
cells were cultured in chamber slides, fixed with metha-
nol:acetone (1:1), and stained with propidium iodide in
the presence of RNAse A [7].
Northern hybridization
Fortyg total RNA were separated in 1% agarose gels
containing 2.3% formaldehyde. RNA was transferred
to nylon membranes (Genescreen; NEN, Boston, MA,
USA) and pre-hybridized and hybridized as previously
described [7]. The vector containing the mouse Diablo
cDNA used in the hybridization procedure was a gener-
ous gift from Drs. M. Pakusch and D. Vaux (Walter and
Eliza Hall Institute of Medical Research, Melbourne, Aus-
tralia) [3]. Membranes were then hybridized to a probe
for 28S to adjust for small loading and transfer variations,
and results expressed as arbitrary densitometry units.
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Fig. 2. Apoptosis in tumor necrosis factor (TNF)-treated proximal tu-
bule epithelial (MCT) cells. (A ) Significant percentage of cells treated
with 30 ng/mL TNF for 48 hours are hypodiploid (flow cytometry of
permeabilized propidium iodide-stained cells). Inset shows cells were
fixed and stained with propidium iodide. Note the presence of pyknotic,
fragmented nuclei among cells treated with TNF (arrows). (B ) Time-
course of TNF-induced MCT cell apoptosis. Mean  SD of 4 indepen-
dent experiments involving triplicate wells. *P  0.01.
Western blot
Tissue or cell samples were homogenized in lysis buf-
fer [50 mmol/L Tris HCl, 150 mmol/L NaCl, 2 mmol/L
ethylenediaminetetraacetic acid (EDTA), 2 mmol/L ethyl-
eneglycolbis(aminoethyl)tetraacetate (EGTA), 0.2% Tri-
ton X-100, 0.3% NP-40, 0.1 mmol/L phenyl methyl sulf-
oryl fluoride (PMSF), and 1g/mL pepstatin A] and then
separated by 12% sodium dodecyl sulfate-polyacrimide
gel electrophoresis (SDS-PAGE) under reducing condi-
tions. After electrophoresis, samples were transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore
Corp., Bedford, MA, USA), blocked with 5% skimmed
milk in PBS/0.5% vol/vol Tween 20 for 1 hour, washed
with PBS/Tween, and incubated with rat monoclonal anti-
Smac/Diablo (1:500; Alexis, La¨ufelfingen, Switzerland)
[7]. Antibodies were diluted in 5% milk PBS/Tween. Blots
were washed with PBS/Tween and subsequently incu-
bated with horseradish peroxidase (HRP)-conjugated anti-
rat immunoglobulin G (IgG) (1:2000; Amersham, Ayles-
bury, UK). After washing with PBS/Tween the blots were
developed with the enhanced chemiluminescence method
(ECL) following the manufacturer’s instructions (Amer-
sham). Blots were then probed with anti-tubulin anti-
body, and levels of expression were corrected for minor
differences in loading.
Fig. 3. Smac/Diablo expression in tumor necrosis factor (TNF)-treated
proximal tubule epithelial (MCT) cells. (A ) Smac/Diablo mRNA ex-
pression in MCT cells exposed to 30 ng/mL TNF. (B ) Smac/Diablo
protein expression in TNF-treated MCT cells. Representative of 2 inde-
pendent experiments.
Immunohistochemistry
Immunohistochemistry was carried out as previously
described [7] in paraffin-embedded tissue sections 5 m
thick. The primary antibody was 20 g/mL anti-Smac/
Diablo. Sections were counterstained with Carazzi’s he-
matoxylin. Negative control groups included incubation
with a non-specific immunoglobulin of the same isotype
as the primary antibody.
Statistics
Results are expressed as mean  SD. Student t test
was used to compare means between two groups. A value
of P  0.05 was considered statistically significant.
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Fig. 4. Putative role of Smac/Diablo induc-
tion in the control of apoptosis. (A) Mitochon-
drial injury is associated with the release of
cytochrome c and Smac/Diablo from the mito-
chondria. Cytochrome c promotes caspase ac-
tivation. Unchecked caspase activation results
in apoptosis. However, inhibitors of apoptosis
proteins (IAPs) interact with and inhibit ac-
tive caspases, promoting cell survival. Smac/
Diablo binds to IAPs and removes the inhibi-
tion of activated caspases. However, IAPs, in
turn, promote Smac/Diablo degradation. In
some forms of apoptosis a higher amount of
Smac/Diablo has to be released to completely
inhibit IAP action. (B) Agents such as tumor
necrosis factor (TNF) increase Smac/Diablo
availability in tubular epithelium.
RESULTS
Folic acid nephropathy is a classical model of acute
renal failure (ARF) with tubular injury. Microscopic ex-
amination of kidney tissue from mice with ARF revealed
the presence of tubular epithelial cells with pyknotic
nuclei typical of apoptosis, which were not present in con-
trol kidneys (Fig. 1). Mean serum creatinine was 5-fold
increased in mice injected with folic acid with respect to
vehicle-injected mice (1.5  0.2 vs. 0.3  0.01 mg/dL,
P  0.05). Northern blot showed an induction of renal
Smac/Diablo mRNA at 24 hours (Fig. 1). In addition,
accumulation of Smac/Diablo protein in whole kidney
was noted (Fig. 1). Immunohistochemistry confirmed
that Smac/Diablo was expressed by renal tubules and
was not present in glomeruli (Fig. 1).
As TNF is a mediator of ARF, including folic acid–
induced ARF [7], we tested its possible contribution to
the regulation of Smac/Diablo expression in cultured
MCT cells. TNF 30 ng/mL induced apoptosis in MCT
cells, as assessed by both morphology and the presence
of hypodiploid cells (Fig. 2). TNF-induced apoptosis was
time-dependent and it was appreciated from 48 to 72
hours after addition of TNF (Fig. 2A and B). Accumula-
tion of Smac/Diablo mRNA was noted after addition of
TNF (Fig. 3A). Smac/Diablo protein content showed a
biphasic pattern, with an early decrease followed by an
up-regulation later than 24 hours, coinciding with peak
apoptosis (Fig. 3B).
DISCUSSION
Smac/Diablo is a ubiquitously expressed mitochondrial
protein that facilitates apoptosis upon its translocation to
the cytosol. Immunohistochemical analysis found Smac/
Diablo to be most abundant in the germinal cells of the
testes, the parenchymal cells of the liver, and the tubular
cells of the kidney [9]. Smac/Diablo contributes to apo-
ptosis by antagonizing the anti-caspase action of IAPs.
Among others, Smac/Diablo has been implicated in death
induced by lethal cytokines such as TNF, FasL, and TNF-
related apotosis-induced ligand (TRAIL) [10–12]. Smac/
Diablo has to be released from the mitochondria to the
cytosol to promote apoptosis [3, 4]. In addition, recent
reports suggest that the mitochondrial content of Smac/
Diablo increases in the course of at least some forms
of apoptotic cell death [6], and that this increase may
be dependent on transcriptional regulation [13]. In this
paper we demonstrate for the first time a regulation of
Smac/Diablo mRNA content in renal cells. Smac/Diablo
mRNA was induced both in the whole kidney and in
cultured tubular epithelial cells in situations associated
with extensive apoptotic cell death. In cultured cells TNF
induced Smac/Diablo expression in a time-dependent
manner. The initial decrease in Smac/Diablo protein is
consistent with its release from mitochondria and degra-
dation upon binding to human X-linked chromosome-
linked inhibitor of apoptosis protein (XIAP) in the course
of a failed promotion of apoptosis [14]. The later increase
in protein quantity appears to be the result of higher
mRNA levels. The time-course of Smac/Diablo induc-
tion is consistent with the delayed lethal action of TNF
in MCT cells. The delayed induction of apoptosis by TNF
is in contrast to the acute lethal effect by other TNF-
like cytokines, such as FasL, in TNF-primed MCT cells
[15]. In addition, TNF may well be responsible for Smac/
Diablo mRNA and protein induction in vivo, as high
levels of renal TNF have been documented during folic
acid nephropathy [7].
CONCLUSION
Based on these results and on the previous data avail-
able in the literature we would like to propose a model
(Fig. 4) by which exposure to a lethal stimulus would
activate intracellular death signaling. This would include
release of proapoptotic factors from the mitochondria.
However, intracellular pro-survival mechanisms are avail-
able that would be able to prevent death in a percentage
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of the cell population. One such mechanism would be
inhibition of caspases by IAPs. Certain stimulus as TNF
would not only release Smac/Diablo from the mitochon-
dria, but would also increase the amount of protein avail-
able. An increased mitochondrial content of Smac/Diablo
may allow the release of a larger amount of Smac/Diablo
to the cytosol that would overcome the protective action
of the available IAPs on cells struggling to survive. As
a result, active caspases would be released that would
proceed executing the cell death program. Indeed, over-
expression of Smac/Diablo, per se, does not promote
apoptosis, but it facilitates apoptosis once the intracellu-
lar apoptotic machinery has been engaged.
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